Experimental
Introduction
The removal of heavy metals using agricultural wastes and industrial by-products has been massively explored during the last decades. The development of biosorption as an alternative method to the use of commercial resins for metal sequestration is related to the low cost and large availability; correspondingly, the employment of biosorbents in recovery or cleaning up procedures is encouraged for a reduced impact towards the environment.
It has to be noticed that biosorption is generally a less selective process if compared to sorption through synthetic products. This may be related to the sorption not occurring with a unique mechanism, but with more than one reaction, 1 so that it is often very complicated to distinguish between them, since they can occur simultaneously.
A huge number of substances 2, 3 have already been investigated as heavy metals biosorbents, and a lot of agricultural wastes have been used for this aim, for instance olive pomace, 4 different types of nutshell, 5, 6 grape stalk, 7 orange peel 6, 8 and cork. 9 Rice husk, the hard outer covering of rice grains, is one of these materials. It is usually considered to be a waste product from rice-growing, and is largely used as combustible 10 and cement replacement material. 11 As a biosorbent, untreated rice husk has been proposed mostly owing to its binding capacity towards Cd(II). [12] [13] [14] The biosorption ability of rice husk was also demonstrated towards dyes, for instance Methylene blue, Congo red 15, 16 and safranine. 17 Moreover, modified versions with NaOH, 18 HCl 12 or tartaric acid 19 of this material have also been proposed.
The typical composition of rice husk was previously reported in several papers. 20 The purpose of our research is to characterize the material and to evaluate the sorption properties towards heavy metals, such as Cu(II), Cd(II) and Pb(II). A possible onfield employment for the cleaning up of metals is foreseeable in our district, where large disused industrial plants and high production of the rice are present.
The procedure adopted to study metal sorption follows a scheme previously used for synthetic resins; it is based on batch experiments in controlled conditions (pH, ionic strength and temperature). 21 A mechanism is proposed to describe metal sorption onto rice husk. Dynamic tests were also performed to confirm batch results.
The isotherms, sorption profiles and kinetics procedures were performed in a discontinuous way, each point corresponding to an independent test tube. The sorbed amount of metal was determined as a difference from the total; it must be noted that this experimental setup differs from that adopted in the case of more stable materials. 22 
Apparatus
An Orion420 pH-meter with a combined standard glass electrode, standardized in H + concentration, was used to determine the pH of the solutions.
An ICP-AES PerkinElmer Optima 3300 DV (dual view) was used to determine the metal concentrations in the solution phase. Calibration curves for all metal ions were obtained according to the manufacturer indications. The LOD and LOQ were respectively 0. 03 
Sorption isotherm
A fixed amount of husk (0.2 g) was contacted with 0.1 M KNO3 solutions (V = 10 mL) containing increasing amounts of metal (from 5 × 10 -7 to 5 × 10 -5 M), at 25 C. From 10 to 15 tubes were prepared. The samples were gently stirred overnight on a shaking plate. Isotherm profiles were obtained by plotting q (mmol g -1 ) vs. Ce (mol L -1 ), where q is the ratio between the adsorbed amount of metal and the mass of rice husk, while Ce is the concentration of residual metal still in solution after equilibration.
Sorption profiles as a function of pH
A constant mass of husk (0.2 g) was contacted with a solution (V = 10 mL) of fixed metal concentration (the real metal concentrations were reported in the figure captions) in 0.1 M KNO3. At least 30 -35 tubes were prepared. In each test tube only the pH varied within the 2 -8 range. The sample pH was measured after equilibration at 25 C, and gently stirred overnight on a shaking plate. The amount of rice husk was selected in order to have a large excess of active groups, compared to the amount of metal ions. Different concentrations of KNO3 (0.01, 0.1 and 1 M) were employed. The sorption profiles were obtained by plotting q (mmol g -1 ) vs. pH.
Kinetics experiments
A fixed amount of husk (0.2 g) was contacted with a solution (V = 10 mL) of fixed metal concentration (the real metal concentrations were reported in the figure captions) in 0.1 M KNO3. For each experiment from 10 to 15 tubes were prepared. In this case the variable studied was the metal sorbed as a function of the stirring time on the shaking plate.
Fixed-bed column experiments
The experiments were carried out using a column of 6.5 cm length and 1.3 cm internal diameter, filled with a known quantity of rice husk (previously equilibrated with a 0.1 M KNO3 solution). Two porous sheets were introduced at the bottom and at the top of the column, respectively, in order to ensure uniform inlet flow and a good liquid distribution along the column. An inlet solution of Pb(II) 9.02(3) × 10 -5 M in KNO3 0.1 M was left flowing at a rate of 1 mL min -1 , guaranteed by a peristaltic pump connected at the bottom of the column. The pH of the output solution was measured regularly.
Results and Discussion
Experiments to assess the stability of the rice husk, the total metal contents, the exchange capacity, the SEM images and the IR spectra are here omitted. They can be found in supplementary data. A contact time of 36 h for the husk with any water solution was evaluated as the maximum time that does not damage the husk properties (Supporting Information, Table S1 , Fig. S1 , etc.).
Isotherm studies
Isotherm profiles were obtained for Pb(II), Cu(II) and Cd(II) in solutions at a pH of around 5. This pH value was chosen in order to maximize the metal uptake, and to avoid hydrolysis products, particularly for Pb 2+ and Cu 2+ (as will be also evident from the sorption profiles as a function of the pH).
Well-known isotherm models of Langmuir and Freundlich were useful to quantitatively describe the maximum uptake of the considered metal ions under some experimental conditions.
The different performances of the two models have been reviewed many times. 23 Langmuir isotherm theory 24 assumes that the sorption takes place at specific homogeneous sites within the adsorbent, the only sorption mechanism being
The activities of the surface sites are proportional to their concentration, and the number of sorption sites is fixed; the sorption process occurs in a monolayer covering the surface of the whole material, and is described by
where qe (mmol g -1 ) is the amount of sorbate at the equilibrium, qmax (mmol g -1 ) the monolayer saturation capacity at a given pH, KL (L mol -1 ) the Langmuir constant and Ce (mol L -1 ) the metal ion concentration at equilibrium in the solution phase.
The Freundlich model 25 is commonly used when the quantity of sorbent is higher than the concentration of the solute. The equation that describes this relationship is:
where KF is an empirical constant indicative of the sorption capacity, and n an empirical constant indicative of the sorption intensity (with n > 0). Table 1 gathers the fitting results obtained for Pb(II), Cd(II) and Cu(II) using the Langmuir and Freundlich isotherm models (here and in all other tables, the standard deviations of each parameters were enclosed in parenthesis). It can be observed that the Langmuir model provides the best correlation for the sorption of the three metal ions on rice husk.
The sorption capacity on rice husk reaches maximum values of 3.8 × 10 -2 and 3.2 × 10 -2 mmol g -1 for Cu(II) and Pb(II), respectively, while Cd(II) showed a lower value of qmax under the same experimental conditions.
The maximum sorbed quantity of metal ions is about one third with respect to the total metal ion capacity. This means that not all of the exchangeable ions of the material are displaced under these conditions. It must be noted that less strong conditions are employed here, in comparison to those used by either the cobalt method or the acid contact used for the metal ion capacity determination (see Supporting Information). A higher pH value would have favored sorption, but these conditions are not suitable for the presence of hydrolysis products.
On the other hand, the differences in the Langmuir constants, KL, are significant among the considered metal ions as can be seen in Table 1 .
Sorption isotherms for Pb(II) at three different ionic media concentrations were also obtained. The results of fittings using the Langmuir and Freundlich models are shown in Table 2 . It can be observed that the best fitting was always obtained by the Langmuir model and that the Pb(II) sorption capacity (qmax) rises at lower ionic strengths.
This effect can be explained by considering the increasing competition of K + for active sites, or conversely, taking into account the increasing competition of the nitrate for metal complexation, thus decreasing the concentration of free metal in solution.
The complexing properties of the anion, constituting the ionic medium, were considered to be negligible in experiments with commercial materials (e.g. chelating resins), where the affinity of the active sites for metal ions is high, if compared to that observed for natural sorbents. Indeed, here nitrate ions can exert a significant competition for metal uptake.
Determination of the sorption profiles
The effect of the pH on metal biosorption can be approached by selecting empirical or mechanistic models. Several strategies were already proposed; in particular, the Langmuir, Freundlich and Rendlich-Peterson isotherms are the equations most commonly used. These models fall when the effect of the pH on the sorption has to be considered. Indeed, the fitting refers to data usually obtained at constant pH. 26 In any case, as observed by Lodeiro, 27 the fact that the cation exchange capacity of a sorbent increases with increasing pH is itself an indication that, in addition to ion exchange, a reaction in which the metal reacts with the free site should be considered.
It is very important, in addition to ion exchange, to take into account protonation of the active sites and, on the other side, the equilibrium reactions of the metal in the solution phase (hydrolysis and complexation with soluble ligands).
The model here proposed to describe the sorption profiles for Cu(II), Cd(II) and Pb(II) on the rice husk assumes that the solid phase is characterized principally by one kind of active site (L). The following sorption model is proposed, and for each reaction the corresponding exchange coefficient is defined (charges omitted for simplicity):
The mass balance for the active site is
where MLn is the concentration of the metal sorbed on the solid phase (mol g -1
). In our experiments, because the moles of active sites in the solid phase are in excess with respect to those of the metal ion, the material balance can be reduced to
The mass balance for the metal is then
where m (g) is the quantity of dry material and V the volume of the solution (mL). Ce is the concentration of the metal ion in solution after equilibration with the solid phase; αM is the reaction coefficient of the free metal ion in the solution phase after reaching equilibrium with the sorbent. 28 αM is the ratio of the total metal concentration in solution (free and complexed with any ligand A present in solution) and the concentration of the free metal ion:
αM is equal to one when the metal is only present in solution as a free hydrated ion.
Combining the material balances with the equilibrium coefficients, the following relation can be obtained:
since:
Equation (9) can be converted to
A non-linear regression method was used to fit the experimental data Ce vs. pH and determinations of the adjustable parameters (Ka, KML n and n) were performed.
For each considered metal, the values of the reaction coefficients, αM, as a function of the pH were obtained via numerical codes (e.g. MEDUSA 29 ), while taking into account all of the possible reactions of the metal ion with the ligands in solution. In the present investigation, they are limited to hydrolysis reactions, and the nitrate complexation, noteworthy particularly for Pb(II).
We also want to emphasize that Eq. (11) is formally equal to that we have so long used to describe the sorption of metals on synthetic sorbents. 21, 22 Here, the sorption of the metal is accounted for by Ce, instead of by the sorbed fraction, only because in the field of biosorbent studies the previous formalism is the most common. Table 3 lists the estimated values of the model parameters for each metal ion, along with the factors employed to evaluate the model goodness:
• the regression coefficient (R),
• the model variance, s 2 = ∑(Ce,exp -Ce,cal) 2 /(r -p), where Ce,cal and Ce,exp are, respectively, the concentration of the metal in solution calculated by the model and that experimentally measured, r is the total number of experimental points, while p is the number of estimated parameters.
In Figs. 1(a), 1(b) and 1(c) plots of q vs. pH are shown for the considered metal ions. The experimental data are reported with symbols and the model predictions with lines.
A good fitting of points between pH 2 and 6 is obtained with the only complex stoichiometry, M:L = 1:0.5, for all of the metal ions considered. We want to stress that for a biomaterial it is rather hard to define an accurate stoichiometry of the complex KML n , since the molecular structure is not clearly defined. For instance, the lignin, itself, one of the main components of rice husk (see the comparison of lignin/rice husk IR spectrum in Supplementary Information), shows a huge number of possible active sites. Therefore, the stoichiometry here defined has to be considered as an average between different possible combinations of reactions between the metal ion and the active sites of the biosorbent. Moreover, for biomaterials this stoichiometry is not unusual. 27 Nevertheless, the hypothesis of this first sorption mechanism is able to justify sorption for pH values below 6, while to explain the experimental data at pH values higher than 6 it is necessary to introduce a second complex. A reasonable hypothesis could be a reaction that involves the OH -ions,
The dotted lines in Figs. 1(a) -1(c) are obtained introducing this second complex; in particular, the stoichiometry, M(OH)2L0.5, is selected as the best to obtain a fairly good fitting.
We would like to highlight that the introduction of this second complex is only an estimate, because the metal ion in a basic solution undergoes several hydrolysis equilibria, and the precipitation of hydroxides makes the real concentration of the free metal ion in solution (and consequently of αM) not exactly assessable.
The values of the conditional exchange coefficient, Ka, found from different sorption profiles were in good agreement with each other. In our previous studies on synthetic materials, the proton exchange was determined from acid base titrations. As already mentioned, it was not possible here to accurately determine the proton exchange coefficient independently, due to the instability of the material for a long equilibration time. For this reason, Ka is here considered to be as a computed quantity instead of an independent property. Experiments at 0.01 and 1 M of KNO3 for Pb(II) were performed to verify the influence of the ionic strength on the sorption process. The results are reported in Table 4 . Even if the curves move to basic pH by increasing the ionic medium concentration, the difference seems to be accounted for by the αM values, and the calculated exchange coefficients do not vary so much. The existence of the Donnan equilibrium at the interface between the solid/water phases 21, 22 is not verified here, since the expected variation of the exchange coefficient with the concentration of the ionic media, has not been demonstrated.
The sorption kinetics
Various sorption kinetic mechanistic models have been used to describe the uptake of metals on a solid sorbent, but in biomaterial studies, as underlined by Lodeiro, 27 it is often difficult to describe the whole kinetics data range, and important deviations from predicted models are observed. This is the reason why the simplest empirical expressions are commonly preferred, and pseudo first-order and pseudo second-order equations, which are based on the sorption at vacant biosorbent surface sites, are the most widely used. 30 The experimental kinetics profiles are shown in Fig. 2 and reveal that the time needed to achieve equilibrium is around 200 min for all of the considered metal ions. It should also be noted that for Pb(II) a higher metal uptake (90%) is observed than for Cu(II) (60%) and Cd(II) (50%) undo the same experimental conditions of pH, temperature (25 C) and stirring. The pH was not modified in each experiment, and the reported values are the average of those registered for each experimental point.
In Fig. 2 pseudo second-order fitting curves are also shown, being the best fitting. The results obtained with both kinetics equations are reported in Table 5 .
To assess the possible influence of particle size on biosorption, an experiment was performed that compared the sorption on rice husk at different granulometry values; the parameters of the fitting are reported in Table 6 , together with those of the first-order model. Also, in this case a better agreement has been observed for the former one.
The differences among the curves are really slight, perhaps of some relevance only for the minor granulometry. As a result of the milling process, the shape of the biomass is not spherical, but chips-like: the thickness is then the same for all the sizes. This particular form, clearly seen in SEM images, makes the diffusion rate not dependent on size, but constant, since the width does not change with the granulometry. This effect has been previously reported 1 in the case of biomaterials with this kind of morphology, and we conclude that for particle size larger than 250 μm the rate of Pb(II) uptake (q) is independent of the granulometry.
Fixed-bed column experiments
In previous studies on the behavior of synthetic resins packed in columns, 31 it was found that the sorption of metal ions can be described through the so-called Thomas model, 32 which is one of the most general and widely used methods in column performance theory. Formally, it is equal to a model proposed by Bohart and Adams, 33 as recently underlined by Chu. ) the maximum solid phase concentration of metals when it is in equilibrium with a liquid concentration of metal equal to c0.
The performance of the rice husk towards Pb 2+ sequestration has been studied in a dynamic condition in a column filled with the material, flowing into the column a solution with a known amount of metal and collecting the eluent as described in the experimental section. One of the breakthrough profiles is reported in Fig. 3 , together with the experimental details.
Under these conditions, i.e. a short column filled with 2 g of husk, a quantitative retention of 9.02(3) × 10 -5 M solution is observed until V = 150 mL. The elution profile is not symmetric, being rather steep until V = 200 mL. In the central part of the curve the fitting parameters are kt = 153(9) (L mol -1 min -1 ) and q0 = 0.0113(11) mmol g -1 (continuous line in Fig. 3 ). After the interruption test at 465 mL (corresponding to about 8 h of elution), approximately 100 mL of the eluting solution were needed before the elution curve followed the previous one. The kinetics parameter, kt, and the volume corresponding to c/c0 = 0.5, V0.5 = 279(26) mL, are in acceptable agreement with those found independently (see Table 5 for k2) and V0.5calc = 340 mL, as suggested by Pesavento.
31

Conclusions
In this research we investigated the sorption properties of untreated rice husk towards Pb(II), Cu(II) and Cd(II) with different strategies, mainly devoted to characterize the biosorbent.
The conditional capacity was determined by the loading curves towards the three metal ions here considered. Pb(II) is the metal ion that shows the highest affinity for the biosorbent, at least for the pH being less than 6.
The studies on metal uptake as a function of the pH also demonstrate that the mechanism is not limited to ion exchange, and an equation is proposed to evaluate the affinity of sorption by means of the overall exchange coefficients. The value of KML n is not dependent on the composition of the solution, since the possible competitive reactions are accounted for by the αM coefficient. The proton exchange coefficient is evaluated at the same time. Apparently, the effect produced by the variation in the ionic strength can be explained only by the increasing αM which increases with the nitrate concentration.
The column experiment demonstrates the feasibility of an application for lead(II) recovery in a remediation contest. . Outlet solution sampled each 10 mL. pH of the inlet and the outlet solution, 6.12 (see text for detail).
